The growth inhibitory effect of tamoxifen is used for the treatment of breast cancer. Tamoxifen efficacy is mediated by its biotransformation, predominantly via the cytochrome P450 2D6 (CYP2D6) isoenzyme, to the active metabolite endoxifen. We investigated the relationship of CYP2D6 genotypes to the metabolism of dextromethorphan (DM), which is frequently used as a surrogate marker for the formation of endoxifen. Methods: The CYP2D6 genotype was determined by polymerase chain reaction (PCR) in previously untreated patients with hormone receptor-positive invasive breast cancer considered to receive antihormonal therapy. The DM/dextrorphan (DX) urinary excretion ratios were obtained in a subset of patients by high-pressure liquid chromatography (HPLC)-mediated urine analysis after intake of 25 mg DM. The relationships of genotype and corresponding phenotype were statistically analyzed for association. Results: From 151 patients predicted based on their genotype data for the 'traditional' CYP2D6 phenotype classes poor, intermediate, extensive and ultrarapid, 83 patients were examined for their DM/DX urinary ratios. The genotype-based poor metabolizer status correlated with the DM/DX ratios, whereas the intermediate, extensive and ultrarapid genotypes could not be distinguished based on their phenotype. Citalopram intake did not significantly influence the phenotype. Conclusions: The DM metabolism can be reliably used to assess the CYP2D6 enzyme activity. The correlation with the genotype can be incomplete and the metabolic ratios do not seem to be compromised by citalopram. DM phenotyping may provide a standardized tool to better assess the CYP2D6 metabolic capacity.
Introduction
Tamoxifen is a selective estrogen reuptake inhibitor that is used in the neo-adjuvant and adjuvant treatment of pre-and postmenopausal patients with estrogen receptor (ER)-positive breast cancer, palliatively as well as in chemoprevention. Previous studies indicate that the tamoxifen efficacy depends on its biotransformation, predominantly via the cytochrome P450 2D6 (CYP2D6) isoenzyme, to the active metabolite endoxifen [1] . Levels of endoxifen may vary with the number of mutant CYP2D6 alleles or concurrent use of drug inhibitors of CYP2D6 [2] [3] [4] [5] [6] . In the adjuvant setting, non-functional and severely impaired CYP2D6 genetic variants and concomitant CYP2D6-inhibitory drug intake seem to affect the diseasefree survival and have even been associated with overall survival [7] [8] [9] [10] [11] [12] as well as with a lower incidence of hot flashes in patients taking tamoxifen [13, 14] . So far, methodological problems such as lack of interstudy comparability, sample sizes and the growing number of complex allelic variants (more than 80 CYP2D6 variants are defined) make the prediction of the CYP2D6 phenotype from genotype data particularly challenging [1] . Meanwhile, more than 10 epidemiologic studies have focused on the association between inheriting a variant CYP2D6 allele and breast cancer recurrence on tamoxifen and have reported highly heterogeneous relative risks [15] (for studies in which previous experiences are presented and summarized, please refer to table 1). In addition, a modeling analysis to calculate the disease-free survival of tamoxifen-treated patients who are wild type for CYP2D6 in comparison to aromatase inhibitors [16] and scoring systems were proposed that incorporate the impact of concomitant CYP2D6-inhibiting medications [17] . Also the combination of CYP2D6*4 and/or SULT1A1*1/*1 genotypes and incorporation of the ABCC2 gene to create a prediction for the prognosis of patients treated with tamoxifen and testing the CYP2D6 gene dose effect on plasma concentrations of endoxifen has been explored [18, 19] . However, subjects with identical genotypes may exhibit considerable interindividual variability in metabolic ratio-based phenotypes, which often cover 1-2 orders of magnitude, and the range of the observed values may not always fall within one of the 'traditional' phenotype classes [15, 20, 21] . While there is no widespread testing for CYP2D6 gene mutations in breast cancer patients, of particular interest in clinical practice is how pharmacogenomics can reliably determine a patient's individual phenotype for tailoring treatment [22] . Gaedigk et al. [23] established phenotype scores that have been derived from urinary ratios of dextromethorphan (DM), a frequent probe drug for CYP2D6 functional assessment. DM is O-demethylated into dextrorphan (DX) in humans by CYP2D6. Clinically, DM has been successfully used as an index of CYP2D6, and analytical data have validated the urinary molar ratio DM/DX to assess the CYP2D6 activity [24, 25] .
Here, we investigate the relationship between 5 CYP2D6 variants in previously untreated early-stage breast cancer patients with hormone receptor-positive tumors considered to receive antihormonal therapy and their functional capacity to metabolize DM as a surrogate predictive phenotypic marker of tamoxifen activation. The primary objective of this study was to determine whether the CYP2D6 genotype would correlate with the phenotype of DM metabolism based on the measurement of the DM/DX urinary excretion quotient.
Methods
For genotyping, 151 patients with primary hormone receptor-positive early-stage breast cancer were recruited from July 2009 to September 2010. All patients were Caucasian women pathologically diagnosed with ER-and/or progesterone receptor (PR)-positive, invasive cancer, who were considered to receive antihormonal therapy. Patients had neither received prior chemotherapy nor antihormonal treatment and were not included in this study in case of concomitant inhibitory drug intake other than antidepressants. Data on the stage of primary breast cancer diagnosis or recurrence were confirmed from the patients' medical records. For the DM/DX phenotype study, a subset of 83 patients, including 7 patients with intake of the selective serotonin reuptake inhibitor (SSRI) citalopram, were permitted. This observational study was approved by the local ethical committee of Zürich, Switzerland, and written informed consent was obtained from all patients. Due to the relatively small number of patients, no survival analysis was planned or performed in this cohort.
Genotyping and Genotype Classification
Genomic DNA was extracted from 200 ml ethylenediaminetetraacetic acid (EDTA)-whole blood samples in a fully automated manner on the MagNa Pure Compact instrument from Roche Applied Science using the MagNA Pure Compact Nucleic Acid Isolation Kit ® . All samples were genotyped for the polymorphic CYP2D6 gene. The definition of CYP2D6 allelic variants is in accordance with the Cytochrome P450 (CYP) Allele Nomenclature Committee (www.cypalleles.ki.se). We focused on the *3, *4, *5, and *6 alleles because these 4 variant alleles account for approximately 97% of the non-functional CYP2D6 variants in white populations [23] . The single-nucleotide polymorphisms (SNPs) CYP2D6*3, CYP2D6*4 and CYP2D6*6 were analyzed using tetra-primer polymerase chain reaction (PCR), and the CYP2D6*5 deletion allele using multiplex long PCR, followed by subsequent agarose gel electrophoresis according to methods previously described by Hersberger et al. [26] . We also looked for the presence of a CYP2D6 gene duplication or gene amplification using a long-range PCR-based method [27] .
All investigated polymorphisms in the CYP2D6 gene, with the exception of the CYP2D6 gene duplication or amplification, give rise to null alleles that either code for an inactive enzyme or do not code for any enzyme protein at all. To enable the result evaluation, we stratified our patient phenotypes according to genotype as follows: Patients with 2 functional copies of the CYP2D6 gene were considered to be 'extensive metabolizers' (EM) for CYP2D6. These were subjects in whom we did not detect any of the investigated polymorphisms or variants and who, according to the analysis, were wild-type carriers and expected to exhibit normal CYP2D6 enzyme activity. Patients with 1 wild-type and 1 deficient allele were considered to be 'intermediate metabolizers' (IM) with impaired enzyme activity, whereas patients with 2 deficient alleles were classified as 'poor metabolizers' (PM) lacking enzyme activity. Carriers of more than 2 functional CYP2D6 gene copies were defined as CYP2D6 'ultrarapid metabolizers' (UM) with increased CYP2D6 enzyme activity. This phenotype definition is compatible with the classification suggested Okishiro et al.
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Trojan/Vergopoulos/Breitenstein/ Seifert/Rageth/Joechle status, or histological grade in the women tested (data not shown), as was indicated in previous work [7] . Next, we studied the magnitude of difference between the analyzed CYP2D6 genotype and the corresponding DM metabolic ratios in patients where both genotype and phenotype data were available (23 patients with wild-type genotype and 60 patients with mutant alleles). According to their genotype, the subset of 83 patients available for DM/DX ratios included 14 PM, 38 IM, 23 EM and 8 UM, respectively.
According to phenotyping, the values for the DM/DX quotient ranged from less than 0.1 to 5. The DM/DX ratios differed significantly between the PM CYP2D6 genotypes and all other genotypes (p < 0.0001, after Bonferroni correction). In contrast, the extensive and ultrarapid genotypes could not be distinguished based on their metabolic DM/DX ratio (p = 1.0). The associations of the DM/DX ratios with the CYP2D6 genotypes are shown in figure 1 . Overall, according to the obtained phenotypes, the genotype was predictive in distinguishing between poor and non-poor from previous work and is based on the assumption of a gene dosage effect [1, 7] .
DM Phenotyping
DM undergoes polymorphic metabolism depending on variations in the cytochrome P450 enzyme phenotype, with the prime specific enzyme catalyzing the DM metabolism being CYP2D6 [28] . Formation of the major active tamoxifen metabolites is primarily catalyzed by CYP2D6 and CYP3A4/5 [1] . The CYP2D6 activity was determined using DM as the phenotyping probe by high-pressure liquid chromatography (HPLC) analysis as described in detail by Abdel-Rahman et al. [29] , and subsequently modified as described by Blake et al. [30] . In essence, 6 h after intake of 25 mg of DM, the urinary concentrations of DM and its Odemethylated metabolite, DX, were determined by reversed-phase HPLC with fluorescence detection. For this, 1.25 ml of every urine sample was deglucuronized by adding 500 ml phosphate buffer and 25 ml glucuronidase. After incubating the solution at 50 °C in a water bath and subsequent cooling of the samples, an aliquot of every sample was centrifuged and proceeded for further analysis. Upon determination of the peak height concentrations of DM and its O-demethylated metabolite, DX, the quotient of DM/DX was calculated.
Statistical Analysis DM/DX phenotype quotients are reported as median with range and were logarithmically transformed to obtain initial information on the approximately normal distribution. Phenotype expression in each defined genotype group was reported as median ± standard deviation (SD). Genotypes were compared using simple analysis of variance with Bonferroni-post hoc tests. The statistical program SPSS 17 (SPSS Inc., Chicago, IL, USA) was used for analyses. A receiver operating characteristic (ROC) analysis was employed to evaluate a cut-off for the DM/DX quotient and to obtain maximum sensitivity (= 1) and specificity (< 0.9) for all phenotyping results. The 2-way analysis of variance was used to evaluate the effect of antidepressants on the DM/DX ratios; p < 0.05 was considered statistically significant.
Results
For genetic analysis, all 151 breast cancer patients were screened for 5 different CYP2D6 allele variants, including multiple copies of the gene, gene deletion, and 3 null alleles. The frequencies of the individual CYP2D6 genotypes are presented in table 2. CYP2D6 variants that predicted for the 'traditional' phenotype classes PM, IM, EM and UM [6] were present in 16 (11%), 53 (35%), 71 (47%) and 11 (7%) individuals, respectively. These results correspond to frequencies previously observed in Caucasians populations [1, 31] . Genotype analysis revealed no statistically significant association between the CYP2D6 mutation status and tumor size, nodal affect the type of adjuvant endocrine therapy remains highly controversial [15, 19] . Moreover, dose-setting studies with clinical and biomarker outcomes and models of receptor binding suggest that tamoxifen and its metabolites might potentially reach concentrations sufficient to achieve the therapeutic effect regardless of CYP2D6 inhibition. In addition, the absence of both functional CYP2D6 alleles does not preclude distinct concentrations of the tamoxifen metabolite endoxifen (of which the required amount is not known) in sera of preand postmenopausal women [15] . Finally, the above-mentioned considerations seem to be complicated by suggestions that the density of ERs on the surface of breast cancer cells might even be a surrogate marker for the efficacy of tamoxifen [34] . Analyses of retrospective data from 2 large trials (Arimidex, Tamoxifen Alone or in Combination (ATAC) and Breast International Group (BIG) 1-98 presented at the San Antonio Breast Cancer Symposium (SABCS) 2010) found, in contrast to several previous studies, no effect of the CYP2D6 genotype in predicting breast cancer recurrence [35, 36] . While further animating the substantial controversy regarding the pharmacokinetics of tamoxifen biotransformation and CYP2D6 enzyme activity, these retrospective data may also reflect the poorly understood adherence in breast cancer patients undergoing antihormonal treatment [37] [38] [39] . Thus, wide inter-individual variations in serum levels of tamoxifen metabolites seem to become more relevant, and additional therapeutic drug monitoring might link different genotypes to clinical outcome [40] . However, standardized endoxifen measurements require attainment of steady state concentrations and interpatient variability in the endoxifen concentration may occur even after correcting for CYP2D6 status [17] , possibly due to differences in tamoxifen metabolite elimination half-life, distribution volume, and formation rate [3] . While prospective trials currently explore whether the in vivo assay measuring CYP2D6 enzyme activity provides more accuracy in identifying patients with low endoxifen concentrations, caregivers exert caution and probably avoid potent CYP2D6 inhibitors in women treated with tamoxifen.
The results in our study provide further support for the surrogate functional testing of the tamoxifen metabolism. Beside a wide interpatient variability, we found that 5 (6%) of the 83 patients tested phenotypically, due to their functional capacity and/or being compromised by inhibitor drugs, did not fall within one of the 'traditional' genotype classes [15, 21] . Our findings are in line with results from Jin et al. [3] , who demonstrated a wide range of efficacy in these subsets. Our model assumed a ratio of < 0.30 as threshold for sufficient metabolism, which was derived from ROC analyses to determine a cut-off with maximum sensitivity and specificity and was deemed comparable to ratios from previously published data [25] . Accordingly, all patients determined to be PM by genotyping also phenotypically proved to be PM and thus were identified as presumably producing inferior metabolizer status. When applying a cut-off of 0.3 for the DM/DX ratio, the CYP2D6 genotype-based prediction of phenotype failed in 5 (6%) patients (genotypically 1 extensive and 4 intermediate) who were phenotypically stratified as PM. In contrast, by using a metabolic ratio cut-off of 0.45, we achieved a phenotype-genotype concordance, in stratifying patients into poor and non-poor metabolizers, for all but 1 patient. This genotypically intermediate patient had a drug history of polymedication that could not be specified more precisely while an occasional use of antidepressants was also reported (table 3) .
Of note, none of the 8 patients genotyped as UM in the subset where both phenotypic and genotypic data were available were carriers of the screened null alleles (CYP2D6*3, *4 and *6) nor of the deletion (CYP2D6*5). On the basis of the investigated polymorphisms and their higher frequency in the general population, one can assume with a high degree of certainty that a common functional allele was amplified (for example, allele *1 or *2). We cannot exclude the rather small possibility of the presence of further non-investigated polymorphisms; however, the possibility that this rare allele would also be amplified is even smaller.
In addition, we examined a panel of 7 patients with concomitant intake of the antidepressant citalopram, which supposedly does not reduce the efficacy of CYP2D6 metabolism [3] . Genotypically, 3 patients were classified as EM, another 3 as IM, and 1 as PM. Except for 1 patient (genotypically classified as IM) who phenotypically demonstrated poor metabolizing features (ratio 0.45), all 6 remaining patients were not detected to have an impaired DM/DX metabolic urinary ratio. As it was expected from the literature [32] , overall the use of citalopram antidepressant did not exhibit a significant effect (p = 0.23) on the DM/DX ratios.
Discussion
The effect of CYP2D6 genotypic variations on the tamoxifen metabolism is one of the best characterized and clinically important examples of pharmacogenomics in cancer. Wide interpatient variations in circulating levels of both tamoxifen and metabolites seem to be explained by combinations of several mechanisms, e.g., those responsible for resistance and 'atrisk' alleles predictive for the response towards tamoxifen [18, 33] . Despite this potential link between the CYP2D6 mutation status and altered clinical outcomes among mutation carriers on tamoxifen intake, the discussion how this would fig. 1 ).
There are several limitations of our study. Patients were only genotyped for the most frequent null variants in the Caucasian population by omitting further null and reducedfunction alleles. Thus, a difference between the genotype and the phenotype-based classification might become less apparent upon a broader CYP2D6 allele coverage through extended genotyping. Even so, by screening for the most frequent known CYP2D6 polymorphisms, the effects of novel or rare polymorphisms might still remain unidentified [41] .
Further, a relatively small number of patients with both phenotypic and genotypic data were available. However, mainly the frequencies observed in the genotyped cohort approximate those described in the literature for larger study samples (www.imm.ki.se/cypalleles/cyp2d6.htm).
Another limitation of our study is the reliance on the model that equals the metabolism of tamoxifen with DM, since DM urinary ratios have some methodological requirements for assessing in vivo enzyme activity [25] . In addition, further enzymes are involved in the metabolism of tamoxifen. Certainly, CYP2D6 is the most important enzyme catalyzing the formation of the active metabolite endoxifen; however, contributions from other enzymes such as CYP3A4, CYP2C9, CYP2C19 have been described [24] . Moreover, sulfation and glucuronidation are mechanisms contributing to the further metabolism of tamoxifen's active metabolites [1] , for which the effects of allelic variants of the genes encoding for the responsible enzymes, steroid sulfuryl transferase (SULT) and UDP-glucuronosyltransferase (UGT), on the steady-state concentrations in vivo is, however, not well understood [3] .
In contrast, potentially underestimated issues like intake of comedications in the adjuvant setting and lifestyle are more likely to be reflected in a functional phenotype analysis. Certainly, a reliable classification into poor and good metabolizers of tamoxifen will be available using the DM/DX metabolic ratios [38] . Perhaps, in some pre-and menopausal breast cancer patients, this more personalized approach would allow an adjustment in therapeutic strategies in case of substantial side effects and risk of fragile drug adherence to tamoxifen and associated outcome [2, 15, 39] .
In conclusion, DM phenotyping is an efficient and reproducible method (double testing was performed in 5 patients; data not shown) that would permit to encounter the interpatient variability of DM/DX ratios within a common genotype group as well as concomitant drug intake and lifestyle factors. Based on our analysis and results of recent work [42] , DM phenotyping might provide a standardized tool to assess the CYP2D6 metabolic capacity, which may even better predict the tamoxifen efficacy and endoxifen formation than extensive CYP2D6 genotyping.
Whether this method may serve as a substitute for the increasingly complex, costly and protracted genotyping with poorly defined categories shall be explored in prospectively randomized studies, e.g. the CYPTAM trial guided by the University of Leuven and assisted by the Swiss Group for Clinical Cancer Research (SAKK), which is designed to also evaluate a larger panel of biomarkers and dosages of tamoxifen according to the phenotype.
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